A highly sensitive piezoresistive sensor based on MXene and polyvinyl
  butyral with a wide detection limit and low power consumption by Qin, Ruzhan et al.
A highly sensitive piezoresistive sensor based on MXene and polyvinyl butyral with 
a wide detection limit and low power consumption 
Ruzhan Qin†, Mingjun Hu‡, Xin Li†, Li Yan‡, Chuanguang Wu‡, Jinzhang Liu‡, Haibin Gao⊥, Guangcun 
Shan†*, and Wei Huang§* 
†School of Instrumentation Science and Opto-electronics Engineering, Beihang University, Beijing 
100191, P. R. China 
‡School of Materials Science and Engineering, Beihang University, Beijing 100191, P. R. China 
⊥ Institute of Experimental Physics, Saarland University, 66123 Saarbrücken, Germany 
§Shaanxi Institute of Flexible Electronics, Northwestern Polytechnical University, Xi’an 710072, P. 
R.
China
* Corresponding authors:
gcshan@buaa.edu.cn; iamwhuang@nwpu.edu.cn
Copper layer
PET substrate
UV Laser
Laser ablation
Spray gun
Spray MXene solution
PVB
Spray ethanol PVB  solution
Insulating tape 
Insulating tape covering 
c
Multilayer MXene
MXene
82.5 83.0 83.5 84.0
1.28
1.29
1.30
1.31
1.32
1.33
Time (s)
 
Cu
rre
nt
 (m
A)
P-wave
T-wave
D-wave
600 800 1000 1200 1400
0
5
10
15
20
25
30
35
 
Cu
rre
nt
 (m
A)
Time (s)
 245 kPa
 490 kPa
 980 kPa
 1470 kPa
 1960 kPa
 2205 kPa
  
 
 
ABSTRACT:  
As a new class of two-dimensional transition-metal carbide and carbonitride, MXenes have been 
widely used in the energy storage, sensor, catalysis, electromagnetic shielding, and other field. 
Currently it is challenging to fabricate highly sensitive MXene-based flexible sensors with low power 
consumptions and wide detection limits. In this work, taking advantage of the porous structure of 
polyvinyl butyral (PVB) and MXene, we fabricate a highly flexible and highly sensitive piezoresistive 
sensor that is low power consuming and exhibits a wide detection limit. The fabricated flexible sensor 
is highly sensitive (Gauge factor: ~202.2) and exhibits a response time of ~110 ms. The MXene/PVB-
based sensor has a wide detection range (49 Pa to ~2.205MPa), which can detect a low voltages of 0.1 
mV, consumes little power (~3.6 × 10-10 W), is very mechanically stable (almost no attenuation over 
10,000 maximum-pressure cycles), and is simple to prepare, among other features. The MXene/PVB-
based flexible sensor can detect subtle bending and release during human activities, arterial pulses, 
and voice signal. The as-prepared MXene/PVB-based flexible sensor is reliable and endurable, which 
is potentially suitable as a high-pressure, highly sensitive, and energy-efficient piezoresistive sensor 
with a wide detection range. 
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INTRODUCTION 
MXene is a graphene-like two-dimensional layered material composed of transition-metal 
carbides/nitrides and carbonitrides, and is prepared from a MAX phase, a family of more than 70 
layered three-dimensionally structured ternary carbides/nitrides and carbonitrides. MXene, with 
surfaces that contain rich active groups (-F, -O, and -OH groups), is prepared by selective etching the 
“A” from MAX with hydrofluoric acid or a LiF/HCl solution. The general chemical formula of MXene 
is Mn+1XnTx, where M is the transition metal, X is C and/or N, and T represents a surface reactive end 
group (n = 1, 2, or 3). Because of its similar structure to that of graphene, these materials are referred 
to as “MXene” [1-2]. Ti3AlC2 is a well-studied MAX-phase material from which the Al is selectively 
etched to form Ti3C2Tx nanosheets. Since the first successful preparation of a two-dimensional 
transition-metal carbon/nitride by stripping in 2011[1], MXene have attracted significant levels of 
attention in many fields due to their superior properties and application prospects. 
The excellent electronic, optical, mechanical, and thermal properties of MXene have led to their 
extensive explorations in supercapacitors[3-5], electromagnetic interference shielding[6], 
photodetectors[7-8], field effect transistors[9], sensors, including gas[10-11], bio[12-15], humidity[16-17], 
electrochemical[18-19], strain[20-23], and pressure[24-30], detection applications[31-32], electrocatalysis[33-34], 
nanogenerators[35] and so on. In particular, piezoresistive sensors that use the greatly altered interlayer 
distance of MXene under external pressure, which is a basic MXene characteristics, have been 
reported[24]. However, in order to improve device performance, most sensors have to be combined with 
other materials, such as sponges, porous materials, and polymers [25-30]. In fact, pressure sensors 
reported so far commonly include basic pressure, strain, shear, and vibration types, and their 
combinations. The changes in sensor resistance are mainly due to changes in sensor geometry, the 
semiconductor band-gap, in the contact resistance between two materials, and in the particle spacings 
in composite materials[36], with sensing mechanisms mainly based on pressure, capacitance, 
piezoelectric, and optical effects[24,25,30,36]. A piezoresistive sensor is a type of sensor that converts the 
change in material resistance stimulated by external pressure into an electrical output with the 
advantages of a simple structure, low preparation costs, and ease of signal acquisition and data output, 
which have important applications in electronic display equipment, electronic skin, and wearable 
medical monitoring instruments. 
Sensitive materials reported for use in flexible sensors include nanoparticles[20], nanowires[37], 
carbon nanotubes[5], graphene[6,30], and organic materials[25,27,28], and these sensitive materials are 
prepared by spraying, vacuum osmosis, printing, and dipping, among others. However, these processes 
are often relatively complicated, and the sensing materials tend to become detached under external 
force. Therefore, simple coating methods can lead to sensor instability[24]. In addition, due to the unique 
internal atomic structures of graphene and carbon nanotubes, their very high Young’s moduli resist the 
movements of their constituent atoms; consequently, it is difficult to further improve the sensitivities 
of the corresponding sensors[38]. Owing to its greatly changed interlayer distance of the lamellar 
structure, MXene is highly sensitive and flexible under an external pressure, which satisfies practical 
requirements. Flexible substrates, including polyimide (PI), polyethersulfone (PES), polyethylene 
naphthalate (PEN), and polyethylene terephthalate (PET) are often selected for sensing applications[39]. 
Flexible sensors are able to stretch and bend due to the flexibility of the substrate as well as that of the 
packaging materials of the devices, which are usually fabricated from PDMS[9,20,22,24,25,27-29,37,39]. 
Flexible wearable sensors that can detect a wide range of physical activities, including large 
hand[20,21,24,26], arm[24], and leg[20,23,24] movements, finger bending[20,21,22,24,25,27-29], as well as smaller 
breathing[20,27], blowing[20], and swallowing[24-26] movements, vocal-muscle vibrations[20,28-30], pulses 
[20,21,23,25,26,28-30], and eye pressure[20,24], have been rapidly evolving. 
However, simultaneously realizing extremely high sensitivity, wide detection limits, and high 
strain coefficients, as well as low power-consumption, good mechanical stability, and a simple 
preparation process, remain challenges. As far as we know, there have been no reports on combining 
MXene with polyvinyl butanal (PVB) to fabricate flexible wearable pressure sensors. In recent years, 
PVB has been used to prepare a variety of sensor devices that benefit from the nano-porous structure 
and excellent mechanical stability of the PVB polymer. It should be noted that PVB is a type of 
adhesive material that can improve the sensitivity and detection limit of an electronic device, while 
also exhibiting corrosion-resistance properties[40-45]. Herein, we take advantages of MXene and PVB 
to fabricate a piezoresistive sensor that exhibits a wide detection limit (~49Pa to ~2.205 MPa), high 
sensitivity (Gauge factor (GF) ~202.2; response time ~110 ms), low detection voltage (0.1 mV), 
consuming little power (~3.6 × 10-10 W) via a simple preparation process, which is highly mechanically 
stable (strain ~1.25%; over 10,000 maximum pressure cycles). The state-of-the-art of our 
MXene/PVB-based flexible sensor here can detect subtle bending and release during human activities, 
arterial pulses, and other weak pressures. 
 
RESULTS AND DISCUSSION  
 
 
Figure 1. The structure and mechanism of a piezoresistive sensor based on MXene/PVB. (a) The MXene/PVB-
based sensor consists of four parts: the bottom PET layer with the interdigital fingers electrode, the middle 
MXene layers, the PVB layer, and the upper insulating tape layer. The gaps between adjacent MXene layers are 
compressed under external pressure, but the distances between lattices of the same MXene layer do not changed 
under external pressure. (b) Equivalent circuit diagram of a piezoresistive sensor based on MXene/PVB that 
shows that the total resistance decreases with decreasing inter-layer distance. The parallel total resistance 
decreases as the distance between layers decreases; hence, the total resistance also decreases. (c) Showing the 
process for the preparation of the MXene/PVB-based sensor. 
 
Figure 1 shows the structure and the mechanism of the MXene/PVB-based piezoresistive sensor. 
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The sensor contains four main parts, namely the bottom PET layer with an interdigital finger electrode, 
the middle MXene layers, the PVB layer, and the upper insulating tape layer. As shown in Figure 1(a), 
the distance between two neighbouring MXene layers decreases under external pressure (such as 
D1→D′1,····, Dn→D′n), which results a decrease in the total resistance of the MXene layers. The 
resistance of the MXene layers decreases mainly because the MXene layers are equivalent to a number 
(n) of parallel resistors. The MXene layers maintain a stable resistance value, which is the initial value 
in the absence of external pressure. Figure 1(b) shows the equivalent circuit diagram, where the 
resistance of the electrode circuit and the wires of the sensor are assumed to be R0. The resistance of 
the sensor MXene layers remains constant in the absence of a loading pressure, but when subjected to 
an external pressure, the resistance of these layers is assumed to be variable (RC). Here RC = R1, R2,····, 
Rn-1, and Rn parallel resistances; hence the expression for the total resistance (Rtotal) of the sensor 
becomes: 
𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑅𝑅0 + 𝑅𝑅𝐶𝐶                                 (1) 
with 𝑅𝑅𝐶𝐶 determined from the following formula 
1
𝑅𝑅𝑐𝑐
= 1
𝑅𝑅1
+ 1
𝑅𝑅2
+⋅⋅⋅ + 1
𝑅𝑅𝑛𝑛
                              (2) 
where, Rtotal, R0, And RC are the total resistance of the sensor, the resistance of the electrode circuit and 
electrical wires, and the variable resistance of the MXene, respectively. Changes in external pressure 
can therefore be monitored by the changes in resistance. 
Copper clad flexible PET film, with a ~200-nm-thick copper layer and a ~200-μm-thick PET layer 
was purchased commercially. As shown in Figure 1(c), the copper film on the PET was selectively 
removed through laser ablation to create the required conduction pathway. The interdigital electrode 
and display on the flexible PET substrate was prepared using a laser ablation strategy[46]. In order to 
ensure sensor conduction, conductive silver paste or other conducting strips can be used as the lead to 
the interdigital finger electrode. The size of the interdigital electrode can be designed according to the 
specific requirements of the sensor. In this work, a 1.8 cm × 1.5 cm interdigital finger electrode was 
used. The distance between two adjacent electrode fingers is about 540 ± 20 μm, while a single finger 
is 900 ± 20 μm long and 1000 ± 20 μm wide, as shown in Figure S1. Compared with other interdigital 
electrode manufacturing technologies, the laser ablation strategy is simple, convenient, and non-toxic. 
The specific preparation process is shown in Figure 1(c). The MXene layers are then sprayed onto the 
interdigital finger circuit on the soft PET with a spray gun. MXene thickness is determined by the 
required resistance range of the sensor. PVB dissolved in ethanol is then sprayed onto the MXene 
layers, and ordinary insulating tape is then used as a protective layer on the PVB layer, to ensure that 
the MXene does not become detached under external mechanical stress. Polydimethylsiloxane (PDMS) 
can be used as final packaging in order to ensure the long-term use of the sensor. 
 
 
Figure 2. Characterising the material of MXene/PVB-based sensor. (a) SEM image of MAX (Ti3AlC2) showing 
that layers have not peeled off. (b) SEM image of MXene (Ti3C2Tx). (c) Planar view HRTEM image of MXene 
and its corresponding diffraction pattern in the inset, indicating that the distance between MXene layers is ~0.29 
nm. (d) Atomic force microscopy (AFM) image of MXene which shows that the MXene nanosheets are ~2.391 
nm thick. (e) The X-ray diffraction (XRD) patterns of MAX, MXene, and PVB. (f) Cross-sectional SEM image 
of the MXene/PVB-based sensor, containing the PET+ interdigital-finger-electrode layer, the MXene layer, the 
PVB layer, and insulating tape layer. (g) Locally enlarged SEM image corresponding to the indicated region in 
(f). (h) SEM image of the folded structure of PVB after PVB was spraying onto the MXene layer. (i) SEM image 
of the porous structure of the raw PVB material. 
 
MXene (Ti3C2Tx) nanosheets were fabricated by selectively etching the Al layer from Ti3AlC2 
(Figure 2(a)) using a mixed solution of LiF and hydrochloric acid as the etchant, and the few layers 
structure of MXene (Figure 2(b)) is confirmed by scanning electron microscopy (SEM). Figure 2(c) 
shows the HRTEM image of MXene, from which the distance between MXene layers is determined 
to be ~0.29 nm, with the corresponding diffraction pattern shown in the inset which showing the 
hexagonal feature. Atomic force microscopy (AFM) reveals that the Ti3C2Tx nanosheets are 2.391 nm 
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thick, confirming the few-layer structure of MXene (Figure 2(d)). The XRD pattern in Figure 2(d) 
reveals that Ti3AlC2 have transformed into Ti3C2Tx, while the XRD pattern of PVB indicates unimodal, 
which implies that it is a high molecular-weight polymer. EDS mapping of Ti3C2Tx shows that its 
surface-terminated groups mainly contain -F, -O, and -OH (Figure S2(a-g)) and reveal the weight and 
atomic percentage of each element (Figure S2(h-i)). Because the prepared MXene nanosheets have a 
less-layered structure, no further treatment process is required and the aqueous MXene solution is 
directly used to prepare the MXene/PVB-based sensor. As can be seen from Figure 2(d), the AFM 
image of Ti3C2Tx indicates that the MXene nanosheets are ~2.391 nm thick.  
The MXene/PVB-based sensor consists of four layers (Figure 2(f)), the bottom layer is the 
interdigital electrode on the PET substrate, the middle layer contains MXene and the PVB layers, and 
the top layer is the insulating tape layer. Enlarged SEM images of the MXene and PVB layers are 
shown in Figure 2(g); more layered MXene structures are available in Figure S3. In order to study the 
superior mechanical properties of the MXene/PVB sensor, the structure of PVB sprayed onto MXene 
is compared with that of pure PVB, and Figure 2(h) reveals that this PVB has a folded structure that is 
more wear-resisting than the porous structure of PVB (Figure 2(i)). In order to characterize the 
thickness of the MXene and PVB layer after spraying (Figure S3), 5 mL and 10 mL aqueous 2.1 mg/mL 
MXene solutions are separately sprayed onto PET substrates containing the interdigital finger circuit. 
The MXene layers are found to be ~45.02 μm and ~78.75 μm thick, respectively after spraying. 
Spraying a solution of 1 g of PVB in 10 mL of ethanol onto the PET substrate results in a ~238.2-μm-
thick PVB layer. 
 
Figure 3. Properties of the MXene/PVB-based piezoresistive sensor. (a-c) I-T curves at different pressures. (d) 
I-V curves at different pressures. (e) ΔR/R0 as a function of pressure. (f) Linear fittings of the ΔI/I0 curve at 
different pressures. The insert shows the linear fittings at low pressure range. (g) ΔR/R0 as a function of strain. 
The insert shows GF as a function of pressure. (h) I-T curves at the minimum pressure detectable by the sensor. 
(i) I-T curves at different bending angles. (j) I-T curves as functions of response time. (k) The output current 
and external pressure are well synchronized with loading and unloading. (l) Mechanical durability testing of the 
MXene/PVB-based sensor with a maximum loading and unloading of ~2 MPa over 10,000 cycles. 
 
The currents at different pressures is measured in order to study the piezoresistance of the 
MXene/PVB-based sensor. Figure S4 (a) shows the universal pressure machine and associated source 
meter used to test sensor performance, with the testing principle shown in Figure S4(b). Figure 3(a-c) 
displays I-T curves at various pressures, which demonstrate that the current increases with increasing 
pressure. Each pressure has been repeatedly loaded and unloaded for five times, and it is found that 
the current performance is clearly stable and continuous with no obvious signal attenuation during 
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loading and unloading. The linear relationship between -1 and 1 V in the I-V curves in Figure 3(d) 
indicates that resistance is almost constant at each pressure. The slope of the I-V curve increases with 
increasing pressure, which indicates that the sensor resistance decreases. The relative change in 
resistance (ΔR/R0) with increasing pressure is measured, the results of which are shown in Figure 3(e). 
The increase in ΔR/R0 is accompanied by stress, as exhibited through three clearly different processes: 
a sharp rise in ΔR/R0 is observed under 49 KPa, a relatively rapid increase is observed between 49 
KPa and 490 KPa, while ΔR/R0 rises relatively slowly between 490 KPa and 2.205 MPa. Due to the 
limits of the stretcher used in this study, the maximum testable working pressure is ~2 MPa. At a 
relatively small pressure, ΔR/R0 changes more quickly; however, the MXene interlayer distance 
becomes increasingly difficult to compress as the pressure is increased further to reach a state of almost 
complete conduction. These observations can be understood based on the schematic diagram in Figure 
1(a-b), which shows that the parallel resistance would reach a maximum saturation value, because after 
that no more resistance can contribute to the parallel connectivity. For example, the resistance changes 
from ~200 Ω to ~7–8 Ω as the pressure reaches ~2 MPa, which indicates that the MXene layers are 
almost compressed to the maximum limit. 
As mentioned above, the resistance of the sensor decreases with increasing pressure. Due to the 
large interlayer spacings between the lamellar structure layers of MXene, the amount of compression 
is relatively large under at 49 KPa, with a relatively large change in resistance observed, while the 
change in resistance is relatively small at high pressures that exceed 490 KPa. The linear fittings shown 
in Figure 3(f) reveal that the relationship between ΔR/R0 and pressure can be divided into two parts : 
below ~ 0.98 KPa, where a rate of S1(0.0094 KPa-1 , the insert figure in Figure 3(f)) is determined, and 
between ~490 KPa and 2.205 MPa, where the rate is ~0.01137 KPa-1. The rate of entire pressure range 
is ~0.01 KPa-1 which shows that there is a very wide linear region. 
Gauge factor (GF) is a sensor coefficient that is usually used to represent the sensitivity of a 
sensing material, and is expressed by following formula:  
𝐺𝐺𝐺𝐺 = 𝛥𝛥𝑅𝑅/𝑅𝑅0
𝜀𝜀
                                    (3) 
where R is the resistance at load, R0 is the unloaded resistance, ΔR= |R-R0|, and 𝜀𝜀 is the strain rate. 
Alternatively, sensitivity can be expressed as [29]: 
𝑆𝑆 = 𝛿𝛿(𝛥𝛥𝛥𝛥/𝛥𝛥0)
𝛿𝛿𝛿𝛿
                                          (4) 
Specifically: 
𝛿𝛿 �
𝛥𝛥𝛥𝛥
𝛥𝛥0
� = 𝛿𝛿 (𝛥𝛥−𝛥𝛥0)
𝛥𝛥0
= 𝛿𝛿 �𝑈𝑈𝑅𝑅− 𝑈𝑈𝑅𝑅0𝑈𝑈
𝑅𝑅0
� = 𝛿𝛿 �𝑅𝑅0-R
𝑅𝑅
� = 𝛿𝛿 �𝑅𝑅0
𝑅𝑅
− 1�                   (5) 
 𝛥𝛥𝛥𝛥/𝛥𝛥0 = 𝐴𝐴 × 𝑃𝑃    (here A is a constant)                               (6) 
So: 
    𝑆𝑆 = 𝛿𝛿(𝛥𝛥𝛥𝛥/𝛥𝛥0)
𝛿𝛿𝛿𝛿
= 𝐴𝐴  (kPa-1)                                        (7) 
where 𝛥𝛥I is the relative change in current, 𝛥𝛥0 is the unloaded current value, and 𝛥𝛥P (KPa) is the pressure 
change between the unloaded and loaded states. As shown in Figure 3(g), GF is 20–200 below 49 KPa 
and 100–200 between ~49 KPa and ~2 MPa, which are significantly better values than those of other 
carbon-based materials, metal nanowires, and two-dimensional MoS2, among others (Table S1) [24-30, 
47-51]. Figure 3(g) shows that the present MXene/PVB sensor is the most sensitive in the range ~98 KPa 
with a GF of up to 202.2. Clearly, different linear relationships exist at different pressure intervals. 
Figure 3(h) shows that the minimum pressure detectable by the sensor is ~49 Pa. Clearly, the quality 
of the MXene is a key factor that determines sensor sensitivity. The relationship between pressure and 
strain during a single cycle is shown in Figure S5(a). The I-T curve in Figure S5(b) shows pressure 
slowly increasing from 0 to ~440 N. In this work, the prepared sensor electrode covers a PET substrate; 
hence, it is very flexible and can bend and deform. The response characteristics of the MXene/PVB 
sensor at different bending angles were also studied, the results of which are displayed in Figure 3(i). 
The sensor is subject to bending deformations of 30°, 60°, and 90° under the action of testing machine; 
the resulting I-T curve is shown in Figure 3(i), which reveals that larger bending angles exhibit higher 
currents. This observation is convenient for measuring human movement and subtle changes in stress. 
The sensor quickly returns to its original state without degradation following bending to large 
deformation angles. 
The response time of the sensor is determined to be ~110 ms using hand contact and release, as 
shown in Figure 3(j), which indicates that the sensor is able to respond quickly and recover quickly. 
Figure 3(k) reveals that the current and pressure are changed synchronously; hence the output current 
provides a good measure of loading and unloading behaviors. In order to test the mechanical durability 
of the MXene/PVB-based sensor, its performance over 10,000 cycles, with a maximum loading of 
~2.205 MPa and a minimum loading of 0 MPa, is examined, which reveals very little attenuation of 
the sensor signal, as shown in Figure 3(l), with a ΔR/R0 value above 95% during 10,000 cycles. The 
resistance of the sensor is slightly larger after the long period of mechanical endurance testing. The 
minimum resistance at maximum loading also increases during cycling. Loading and unloading is 
performed for 5000 cycles at the maximum pressure of 2.205 MPa with the current observed to 
decrease during cycling (Figure S5 (c-f)), which is similar to observations made for other sensors 
[24,47,48, 52]. Little attenuation (<10%) is observed under such an intense pressure for 5000 cycles of 
loading and unloading indicative of high robustness. It is found that the MXene/PVB-based sensor is 
very sensitive and highly stable (see Movies S1 and S2). Figure S6 shows the I-T curve acquired at 
0.1 mV, which reveals that the power consumption of the sensor is ~3.6 × 10-10 W, which is low. Thus, 
the MXene/PVB-based sensor can operate effectively at an input voltage of 0.1 mV with a current of 
the order of 10-6A, which corresponds to a power consumption of ~10-10 W. In order to further test the 
performance of the sensor, we connect the sensor in series with a luminous LED to construct a circuit, 
the results of which clearly demonstrate the high sensitivity of the sensor under the action of an external 
force, as shown in Figure S7 (or watch movie S1 and S2). Figure S7 (a-f) shows that the circuit 
resistance decreases and the lamp becomes brighter with increasing pressure, while Figure S7(f-l) 
shows that the circuit resistance increases and the lamp becomes darker with decreasing pressure. 
 
 
Figure 4. Applying the MXene/PVB-based sensor to human and other activities. I-T curves for (a) eye blinking 
and speaking the words (b-d) ‘MXene’, ‘Carbon’ and ‘OK’. I-T curves for human activities: (e) walking (sensor 
attached to ankle), (f-h) bending and straightening of an elbow, finger, and a knee. (i) I-T curve for a human 
pulse, showing signals for the P, T, and D waves. (j) I-T curve for breathing. (k-l) The sensor connected to a 
series of micro-circuits and implanted into a Bluetooth system, which changes resistance in response to wireless 
electromagnetic signals. 
 
The MXene/PVB-based sensor has the advantages that include good flexibility, high sensitivity, a 
wide detection limit, low voltage detection, and low power consumption, among others, which 
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engenders it with a wide range of application prospects for wearable devices that monitor and human 
activity. The sensor is attached to the corner of an eye and the corner the mouth to monitor subtle 
movements caused by changes associated with blinking and speaking. The precise changes in the 
current flowing through the sensor reflect the blinking and the sounds made through speaking, as 
shown in Figure 4(a) and Figure 4(b-d), respectively, which show that different spoken 
words(‘MXene’, ‘carbon’ and ‘OK’) give different waveforms; the relevant I-T curves are different 
and can be distinguishable by comparing the shapes and intensity changes of the traces. Moreover, we 
place the sensor on an ankle to monitor walking, on an elbow to monitor bending and straightening, 
on the knuckles to monitor finger bending and straightening, and on the knee to monitor bending and 
straightening, respectively, as shown in the Figure. 4(e-h), which produce regular changes in the 
respective current curves. In order to detect even weaker changes, we teste the ability of the sensor to 
detect a pulse and observe pulse signals for the P, T, and D waves, as shown in Figure 4(i). In addition, 
we place a sensor in a mask to detect blown air, and observe regular changes in current. As shown in 
Figure 4(j), the shape of the I-T curve is found to be dependent upon the blowing force and frequency. 
In a similar manner, we also use a pen to write words on the sensor, such as ‘MXene’, ‘Carbon’, ‘OK’, 
with the corresponding I-T curves shown in Figure S8(a-c). The above results show that the sensor 
responds quickly during loading and unloading, with the current almost unchanged during the same 
motion; hence, the MXene/PVB-based sensor is very flexible and highly sensitive, and can be used to 
accurately detect a variety of motions. For portable applications, the sensor is connected to a series of 
micro-circuits and implanted into a Bluetooth system that converts different currents or resistances 
into wireless electromagnetic signals. As shown in Figure 4(k-l), the portable micro-circuit Bluetooth 
MXene/PVB-based sensor also responds quickly and clearly to pressure when touched by hand. When 
the sensor is pressed and released, the changes in resistance with time revealed a resistance of 343 Ω 
at a certain time, as shown in Figure 4(l). 
 
Figure 5. The as-fabricated 4×4 MXene/PVB-based sensor array. (a) A 4×4 sensor interdigital electrode 5 cm 
× 5 cm in size. (b) Stacked coins 15, 10, 5, and 0.1 RMB in value were placed at matrix positions 11, 32 and 14, 
respectively. (c) The corresponding pressure at each pixel was measured, with the height of each bar 
corresponding to the measured relative change in pressure.  
As a proof of concept, we also design a 4 × 4 MXene/PVB-based sensor array, as shown in Figure 
5(a-b). Each component of the sensor array is a single independent sensing unit. Stacks of coins 15, 
10, 5, and 0.5 RMB in value are placed in different positions on the array, and the pressure at each 
location is measured. As shown in Figure 5(c), it if found that the heights of the bars that map the local 
pressure distribution are consistent with the positions of the coins in Figure 5(b). Hence, the 
MXene/PVB-based portable flexible piezoresistive sensor is potentially suitable for wearable devices 
and electronic skins. 
 
CONCLUSIONS 
We have developed a simple, low-cost, ease fabrication and processing, efficient, and highly 
sensitive pressure sensor made up of MXene and PVB materials. The basic principle of the 
piezoresistive sensor involves a mechanism in which total resistance decreases with increasing parallel 
resistance. The MXene/PVB-based sensor exhibits a sensitivity of GF ~202.2, a response time of 110 
ba
X-axis
Y-axis c
ms, high stability (over more than 10,000 cycles of loading and unloading), and a power consumption 
of ~3.6 × 10-10 W at an input voltage of 0.1 mV. The present sensor can detect dynamic forces over a 
wide pressure range (49 Pa to ~2.205 MPa), and can distinguish a variety of complex forces, including 
pressure, bending, and acoustic vibrations. These properties facilitate the monitoring of the strengths 
of real signals from radial pulses and acoustic vibrations in real time. It is important to highlight that 
the entire fabrication process for the sensor is scalable and does not require complex and/or expensive 
equipment. Designing such a high-performance piezoresistive sensor with a wide pressure detection 
range and low power consumption, combined with suitable flexible sensor components, simplifies the 
fabrication steps, which opens up a new ease-of-fabrication and low-power flexible sensing avenue. 
To our knowledge, we believe that our present approach enables the fabrication of low-cost next-
generation pressure sensors with a wide detection range that can easily be integrated into future 
wearable electronics, such as flexible touch screens, human-machine interface instruments, and 
prosthetic skin. 
 
EXPERIMENTAL METHODS  
Chemicals. The Ti3AlC2 MAX-phase powder (200 mesh) and LiF (Alfa, 98+%) were purchased from 
the Beijing Wisdom Company and the Aladdin Reagent Company, respectively. Hydrochloric acid 
(reagent, 36-38%) was purchased from Beijing Chemical Works (China). Deionised (DI) water was 
used to prepare all solutions.  
Synthesis of MXene. LiF (1 g) is slowly added to hydrochloric acid (15 mL) in add 5mI of deionised 
water, after which , Ti3AlC2 (1 g) was slowly added. The mixture is subsequently reacted for 24 h with 
stirring (3500 rpm) at 35 ℃. A MXene solution is finally obtained by centrifugation spinning at 3500 
rpm for 5 min each cycle until the pH is greater than 6. In order to obtain highly dispersed MXene 
nanosheets, the supernatant solution is poured from the centrifuge tube into a flask and the precipitate 
is manually shaken for 5 minutes. The dispersed suspension is then centrifuged at 3500 rpm for 10 
min, and the resulting supernatant is collected for further testing and characterisation. The 
concentration of MXene is determined by weighing a certain amount of the MXene suspension, and 
then weighing the solid after vacuum drying. 
Fabricating the interdigital electrodes and the sensor array electrode. Copper clad polymer films on 
a 100-μm-thick PET substrate with a 200-nm-thick copper coating layer was purchased from a 
commercial source (Teonex Q65FA, Graphene Testing and Sales Platform Co. Ltd., Taiwan). The 
copper layer is coated on the flexible polymer substrate by evaporation or sputtering deposition. The 
interdigital electrode and sensor array electrode are fabricated by laser irradiating the film with a 3W 
diode-pumped Nd: YAG laser. 
Characterization. The morphology and thickness of the MXene/PVB-based sensor were characterized 
by FE-SEM (ZEISS SUPRA55, Germany). Optical microscopy images of the interdigital electrode are 
obtained using a transparent reflectance polarising microscope (59XC-PC, Shanghai optical 
Instrument Factory, Shanghai, China). XRD patterns of MAX, MXene, and PVB are recorded using 
an X-ray diffractometer (D8 ADVANCE, Brooker, Germany). To test the response of our pressure 
sensor to static and dynamic pressures, we use a computer-controlled stepper motor system, a force 
sensor (ZQ 990B, Dongguan Zhitou Precision Instrument Co., Ltd., Guangdong, China), and a 
Keithley 2400 source meter (Teck Technology Co., Ltd., USA). The input voltage is set to 100 mV and 
0.1 mV during testing. 
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Figure S1. The interdigital electrode on the flexible PET substrate was prepared using our previous preparation 
process of laser ablation strategy. 
 
1cm
 
Figure S2. (a) SEM image of MXene layer of sensor. (b-g) EDS mapping of MXene layer of sensor. (h) The weight 
and atomic percentage of each element. (i) The x-ray energy dispersion spectrum(EDS). 
 
Figure S3. (a-b) The thickness of MXene layer after spraying 5 mL and 10 mL aqueous 2.1 mg/mL MXene 
solutions were separately sprayed onto PET substrates containing the interdigital finger circuit. (c) The thickness of 
PVB layer after Spraying a solution of 1 g of PVB in 10 mL of ethanol onto the PET substrate.  
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Figure S4. (a)The universal pressure machine and associated source meter used to test sensor performance. (b) The 
testing principle of sensor performance. 
 
 
Figure S5. (a) I-T curves with the pressure of 1kPa at different frequency. (b) I-T curves at different bending angles. 
(c) The output current and external pressure are well synchronized with loading and unloading. 
 
 
Figure S6 (a) The relationship between pressure and strain during a single cycle. (b) The relationship between 
pressure and time during a single cycle.  
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 Figure S7. (a-c) the I-T curve acquired at 0.1 mV, which reveals that the power consumption of the sensor is ~3.6 × 
10-10 W. 
 
Figure S8. (a-f) The circuit resistance decreases and the lamp becomes brighter with increasing pressure. (g-l) The 
circuit resistance increases and the lamp becomes darker with decreasing pressure.  
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Figure S9. (a-c) I-T curves for speaking the words ‘MXene’, ‘Carbon’ and ‘OK’. 
 
Figure S10. (a-c) The I-T curve of writing ‘MXene’, ‘Carbon’ and ‘OK’ with a pen on the sensor. 
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Table S1. Comparison of sensor performance based on MXene material. 
Movie S1: 
The brightness of a LEDs can be controlled by loading different finger pressure on MXene/PVB-based sensor. 
Movie S2:   
The brightness of a LEDs can be controlled by loading different pressure on MXene/PVB-based sensor with 
pressure machine. 
Sensing 
mechanism 
Materials Detection 
limit 
Sensing 
range 
Sensitivity response 
time  
Cycling 
stability 
Detection 
Voltage /power 
consumption 
References 
Piezoresistive  MXene annosheets 10.2 Pa 23 Pa –  
30 kPa 
0.55 kPa−1 (23 to 982 
Pa), 3.81 kPa−1 (982 to 
10 kPa), 2.52 kPa−1 (10 
to 30 kPa). 
11 ms 10000 0.01V/ 
10−8 W 
[26] 
Piezoresistive  MXene/CS/PU 9 Pa 9 Pa –   
245.7 kPa 
0.014 kPa−1 (<6.5 kPa), 
0.015 kPa−1 (6.5-85.1 
kPa), 0.001 kPa−1 (>85.1 
kPa). 
19 ms 5000 / [27] 
Piezoresistive  MXene–textile / 5 kPa – 
40 kPa 
0.029 kPa-1 (5-25 kPa), 
3.844 kPa-1(25-29 kPa), 
12.095 kPa-1(29-40 kPa) 
26 ms 
/52 ms 
5600 / [28] 
Piezoresistive  MXene/rGO 10 Pa 0.2 kPa –  
3.5 kPa 
4.05 kPa-1 (0.2-0.4 kPa), 
22.56 kPa-1 (1.25-3.4 
kPa). 
200 ms 10000 / [30] 
Piezoresistive MXene /NMC 8 Pa 10 − 200 Pa 24.63 kPa-1 (10−200 Pa) 14 ms 5000 / [47] 
Piezoresistive  MXene/PVB 6.8 Pa 31.2 Pa – 
2.205 MPa 
11.9 kpa−1 (31.2Pa -312 
Pa), 1.15 kPa−1 (312 
Pa-62.4 kPa), 0.20 kPa−1 
(62.4 kPa-1248.4 kPa). 
110 ms  0.1mV/ 
3.6 × 10−10 W 
This work 
